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ABSTRACT
SPATIAL THINKING AND STRATEGY USE: A NEW PERSPECTIVE WITH
EYETRACKING DATA
Joe Pontorno

This paper explores spatial skill level and strategy use on the Paper Folding task
using eyetracking data collection methods. Despite the popularity of self-report methods,
the current research aims to provide a clearer understanding of how people approach
visuospatial tasks. Test performances from 52 undergraduate students at the University of
Illinois at Chicago were recorded. A crucial component of this research is how
eyetracking hardware and software were used to measure “toggles,” which are the eye
movements that participants made across interest areas. Finally, we discuss how toggling
relates to strategy use and the different decisions that high and low spatial individuals
made when evaluating items of varying difficulty. Our results show that high spatial
problem solvers have access to more visualization-based strategies than low spatial
problem solvers. We also found that high spatial problem solvers toggle more frequently
on easier items and less frequently on harder items than low spatial problem solvers.
Understanding these differences will be essential for future research involving strategy
implementation and training.
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INTRODUCTION
Spatial thinking skills are a variety of thought processes that we use to experience
the world; everything that we interact with, whether it be physical objects or even mental
representations requires a level of visualization and proficiency (Hegarty, 2010). These
skills may seem subtle, but they are critical in many areas. For example, Uttal and Cohen
(2012) posited that spatial skills are imperative for fostering creative and abstract
thought. Furthermore Hegarty (2010) pointed out individuals with high spatial skills have
a variety of advantages in academia and the workforce. Spatial skills are especially
important for learning in science, technology, engineering and mathematics (STEM)
domains because understanding many concepts and phenomena requires the ability to
visualize and manipulate objects, mentally transform objects from two-dimensional
representations into three dimensions, and to transform objects through a series of
changes over space or time.
Using scores from spatial measures such as mental rotation and mental folding,
spatial thinking skills have been shown to predict success in STEM fields and across
many studies (Harris et al., 2013). An 11-year longitudinal study that followed 400,000
high school students conducted by Wai et al. (2009) called Project TALENT measured
spatial thinking by analyzing composite scores of spatial thinking measures and observed
that high test scores were a predictor of involvement in a college major and occupation
related to STEM disciplines. Further, many studies have found a similar pattern of results
showing STEM students outperforming non-STEM students on measures of spatial
thinking (e.g., Hausmann, 2014; Moè, Jansen & Pietsch, 2018; Peters et al., 1995;
Siemankowski & MacKnight, 1971). Finally, Harris et al. (2013) noted that mental

1

rotation skills have been valuable in STEM courses like chemistry for modeling and
geometry (Talley, 1973; Battista et al., 1982). These studies provide support for the
relationship between spatial thinking skills and STEM.
Importantly, there is a wealth of research demonstrating that spatial thinking skills
can be improved through training. Uttal et al. (2013) explored the malleability of spatial
thinking skills via a meta-analysis and found that across 217 studies, spatial training
effects, relative to controls, had an effect size of .47 (Hedges g). This meta-analysis also
indicated that the gains from spatial training were stable and persisted over multiple
months. Further, this meta-analysis showed that the benefits of training transferred to
other spatial tasks that were not directly trained. Since spatial skills are critical for
success in STEM, it is not surprising that there has been an increase in research focusing
on understanding how to optimally train and increase these skills in students. To fully
understand how to develop effective spatial training interventions, an essential first step is
to examine and understand how and why some people perform well on spatial thinking
tasks.
One crucial avenue for research is to examine the strategies high spatial
individuals use when solving problems. Although most measures of spatial thinking skill
are de-contextualized and are not beholden to expert logic and reasoning, there appears to
be a pattern indicating that experts have access to more powerful mental tools or
strategies (Carroll, 1993; Uttal & Cohen, 2012). Uttal and Cohen (2012) suggest that
spatial training may be especially beneficial for novices, or people with low prior
knowledge in STEM, because they approach problems differently than experts and more
frequently use de-contextualized spatial skills. Kyllonen et al. (1984) also provided a
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framework for understanding how visualization and analytic strategies may be employed,
and suggested that through training, strategy selection and efficiency may be improved.
Hegarty (2010) argues that there are two basic components of spatial thinking:
flexible strategy choice and metarepresentational competence. According to Hegarty,
when solving spatial tasks, people can use mental imagery, but can also use more analytic
forms of thinking, including task decomposition, and rule-based reasoning. A task
decomposition approach is when participants employ a “divide and conquer” tactic,
focusing on understanding how the individual pieces of a structure work before they
come together as a whole. For example, when trying to understand a pulley system,
learners may break the system down into each individual pulley before thinking about
how they all work together (Hegarty, 1992). Similarly, when trying to imagine what
something might look like if it is sliced in half, a participant may first imagine the outside
shape before considering the interior shape (Cohen & Hegarty, 2007). Another analytic
strategy that has been found for spatial thinking problems is rule-based reasoning. In
rule-based reasoning strategies, the learner or problem solver tries to observe regularities
and apply those regularities to solving other problems (Hegarty, 2010). For example,
Stieff (2007) examined how chemistry students visualized chemical compounds and
found that beginner students predominantly used mental rotation for molecules while
expert students knew how to automatically infer shape and symmetry based on molecular
structure and bonding patterns.
The second basic component of spatial thinking, according to Hegarty (2010) is
metarepresentational competence which refers to the ability to accurately identify the best
representations for a task and subsequently use novel external representations
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appropriately (diSessa, 2004). The primary driving force underlying this component of
spatial thinking is the ability to use new representational displays without instruction
and/or to choose the best type of display to use for a given task. Taken together, the work
on the components of spatial thinking skill indicates that someone with high levels of
spatial skill is likely able to use all these components. Spatial thinking skills should be
viewed as an adaptive form of thinking that varies between individuals depending on
their proclivities for visualizing information and problem solving (Hegarty, 2010).
The Paper Folding Test (Ekstrom et al., 1976) and the Vandenberg Mental
Rotations Test (Vandenberg & Kuse, 1978) occupy the forefront of current research on
spatial thinking skill and continue to hold this position because of properties in the test
problems that are integral when considering real life scenarios in disciplines such as
biology, chemistry, architecture, anatomy, mechanical engineering and meteorology
(Hegarty, 2010). Based on the idea that these tasks recruit the same cognitive skills as
comprehending complex science phenomena, there has been some research geared
towards trying to understand the strategies used on these specific measures of spatial
thinking. For example, students have been prompted to think aloud while solving Mental
Rotation and Paper Folding items (Hegarty et al., 2008). Through this process,
researchers were able to identify various mental imagery, spatial, and analytical strategies
and were further able to show that strategy use in general, and the augmenting of spatial
strategies with analytical thinking were associated with higher test scores.
However, most of the work on spatial task performance and strategy use has not
employed process-oriented data collection methods. Rather, Hegarty (2010) has noted
that most of the existing data regarding strategy use and spatial tasks is limited by
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self-reporting methods (e.g., think aloud, post-task surveys, self-reports of strategy-use).
This is important because people are typically not very good at accurately describing
their own thinking and problem-solving processes. Participants can help give us a
window into their mind, but it is unclear how well these ideas map on to the actual
processes being employed.
Thus, the goal of the present study was to more objectively document strategy use
on the Paper Folding task and explore how differences in strategy use relate to
differences in overall spatial task performance. To do this, the current study used
eyetracking to bolster our understanding of what participants are looking at and doing
during spatial thinking tasks. A unique characteristic of eyetracking data is the
opportunity to examine interest areas, or places on the computer screen that we expect
participants repeatedly focused on. A participant’s eye movement from one interest area
to another is referred to as “toggling” and toggles provide significant information about
how participants are thinking and the types of strategies that they are using.
With this in mind, we made several predictions for the current study. First, based
on prior research indicating that the cognitive mechanisms involved in the Paper Folding
task are similar to those involved in the Mental Rotation task, we predicted that
performance on these tasks would be highly positively correlated such that participants
with higher scores on the Mental Rotation Test would score higher on the Paper Folding
Test. Next, based on the idea that high spatial individuals are better able to generate and
transform mental images than low spatial individuals, we hypothesized that high spatial
participants, as measured by the Mental Rotation task, would be more likely to use
mental imagery strategies on the Paper Folding task. More specifically, because high
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spatial people can generate and edit mental images, they may be more able to generate
their own answers to the Paper Folding items and rely less on looking at response options
in the answer bank. Thus, we predicted that high spatial participants would toggle less
between the target problem and the answer options on the Paper Folding task compared
to low spatial participants.
Prior research also indicates that high spatial individuals can switch between
strategies more effectively therefore allowing them to use different strategies depending
on the features of the problem. Based on this idea, we predicted that successful paper
folding problem solvers would toggle back and forth between the target problem and the
answer options more often on easy problems that can be solved with rule-based or task
decomposition strategies and less often on more difficult problems that rely on generating
a mental image for solution.
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METHOD
Participants and design
For this study, data was obtained from 58 undergraduate students at the University
of Illinois at Chicago. Participants were recruited through the Psychology Department’s
undergraduate subject pool and received course credit for their participation. Data from
students who failed to complete significant portions of the experiment was removed (n =
6). The final sample for data analysis included 52 participants (25 female; Mage = 19.2,
SD = 1.39). Because this study did not employ an experimental design or manipulate any
independent variables, there were no conditions to assign participants to. Rather, all
participants completed the same set of tasks (in counter-balanced order).
Materials
All participants completed the same set of 5 cognitive tasks, as well as a spatial
activity survey and a demographic survey. These will be described in more detail below.
Paper Folding Test. Participants completed Ekstrom et al. (1976)’s Paper
Folding Test on a computer via E-prime while being eyetracked. This task required
participants to examine an image of a piece of paper that is being hole punched and
folded and then determine which of the possible answers has the accurate depiction of
what the piece of paper would look like (example items presented in the Appendix).
Participants completed a total of 20 items divided into two subsets of 10. Participants
were timed and given a total of 3 minutes for the first set of 10. The second set of 10 was
not timed and participants were instructed to think aloud as they continued. One point
was awarded for a correct answer and no points were awarded for an incorrect answer. To
examine strategy differences as a function of item type, items were categorized as
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“typical” or “atypical” depending on the features of the item. Paper Folding items vary
across several characteristics including the numbers of folds in the item (1, 2, or 3),
whether the folds are symmetrical, whether previous folds obstruct following folds
(visually blocks another fold), and whether the item contains folds that are irrelevant (do
not impact the final answer). Items that included obstructed folds, asymmetrical folds, or
irrelevant folds were categorized as “atypical” while items that did not contain these
features were categorized as “typical.” Examples of each item subtype can be found in
the Appendix.
Mental Rotation Test. Participants completed Vandenberg and Kuse (1978)’s
Mental Rotation Test on a computer via E-Prime while being eyetracked. This task
required participants to examine an image of an object consisting of multiple cubes
stacked together and then determine what it would look like after being rotated in various
directions (example items presented in the Appendix). Participants completed a total of
24 items divided across two subsets of 12 items. Participants were timed and given a total
of 4 minutes for the first set of 12. The second set of 12 was not timed and participants
were instructed to think aloud as they continued. For each item, two possible answer
options are correct, and participants needed to choose both correct answers to receive a
point.
Running Span Task. Running Span is a commonly used measure of working
memory capacity (Broadway & Engle, 2010). In this task, participants are shown a series
of letters one at a time but are asked to only remember the last few letters in the series.
Therefore, they must keep track of the last letters but forget the first letters. On each trial,
letter strings vary in length from three letters to eight nine letters. After the last letter in
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the string is presented, participants are asked to recall anywhere from the last 3 to 6
letters in the string. Participants were told how many letters they will need to recall
before each series was presented. This task was administered via E-prime. There was a
total of 18 trials, the first 6 served as practice trials and the last 12 served as the target
trials. The letters were presented one at a time for 300 milliseconds. Each letter slide was
followed by a blank, white slide to avoid carryover of stimuli. After the full string of
letters were presented, participants had 15 seconds to record their response before the
task moved on to the next letter string. This task took approximately 10 minutes to
complete. Score is based on the sum of all accurate recorded letters (accurate letter and
accurate spatial location of that letter).
Backwards Digit Span. The Backwards Digit Span involves remembering a
series of numbers, then repeating them back in reverse order (Unsworth & Engle, 2007).
In the computerized version used in this study, participants saw a string of numbers
between 2 and 8 numbers in length, and were asked to type back the numbers in reverse
order. Participants had 500ms to view each digit in the string, and 15 seconds to type their
answer once the numbers disappeared. Numbers were presented in sets of increasing size,
with two trials of each size. This task took approximately 10 minutes to complete.
Operation Span Task (Ospan). Operation Span is a complex working memory
span task (Conway et al., 2005). The task was presented via computer with participants
writing their answers down on paper. Complex span tasks present alternating processing
and memory components within each trial, followed by a test for the memory
components at the end of the trial. For each item in the Ospan, participants are shown a
math problem and asked to decide whether the equation is correct or incorrect, and then
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remember a word. Between two and five items are presented one at a time with
experimenter-controlled timing to eliminate rehearsal between items. After the last item
in the trial, participants are cued to write down all the words they can remember in the
correct serial position. Three trials of each length are presented over the course of the
test. This task is not timed, but generally takes approximately 15 minutes.
Demographic questionnaire. Participants completed a self-report questionnaire
which required information about their age, gender, number of science courses, ACT
score and experience with video games. Participants were also asked to self-report the
kinds of strategies that they used on the Paper Folding and Mental Rotation tasks, more
specifically those acknowledged by Hegarty (2010) as imagery strategies, spatial analytic
strategy and pure analytic strategies for the Paper Folding task and mental imagery
strategies, spatial analytic strategies, pure analytic strategy and test taking strategy for the
Mental Rotation task.
Apparatus
Eye movements were recorded for the reading of the target text using an Eyelink
II eyetracker running at 60 Hz. Participants were calibrated on the eyetracker before
viewing the target tasks. Calibration was conducted on both eyes, and the best calibrated
eye was selected for data collection. Eyetracking data adjustments were made to correct
for drift and other minor irregularities after data collection was complete, but prior to
conducting any analysis.
Procedure
Data collection for this study was split across two sessions. During an initial
1-hour session, participants completed the battery of working memory tasks beginning
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with the operation span, followed by running span and backwards digit span. Following
this session, they completed a second session in the following week during which they
completed spatial tasks while having their eye movements tracked.
During the second session, participants were seated in front of the eyetracking
computer and apparatus. Prior to beginning any experimental tasks, participants went
through a calibration phase. During this phase, participants were asked to follow a series
of calibration dots around the screen with their eyes without moving their head. This
process may be repeated several times until adequate calibration is obtained. Next,
participants began the primary tasks of the study, Mental Rotation and Paper Folding.
Task order was counter-balanced across participants such that some completed MRT and
then PF while others completed PF then MRT. For both tasks, problem solving was
divided into two portions. During the first portion (while completing the first set of
items), performance was timed (3 minutes to complete 10 PF items, 4 minutes to
complete 12 MRT items), but during the second portion participants were not timed and
could take as long as they needed to complete the items. After completing the two spatial
tasks, participants were able to remove the eyetracking apparatus. Lastly, they completed
the demographic questionnaire. The second session of this study took approximately 1
hour to complete.
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RESULTS
Before conducting the primary analyses, descriptive statistics for our sample were
obtained and can be found in Table 1. All descriptive data aligned with expected values
based on the demographics of the subject pool.

Table 1
Participant Demographic Data

Correlation Analysis
To evaluate our first hypothesis, that performance on the Mental Rotation and
Paper Folding tasks would be highly related, we conducted a correlational analysis.
Specifically, we conducted a bivariate Pearson correlation between our spatial measures,
working memory measures, and ACT score (used as a proxy for general intelligence). We
included these variables in the correlational analysis because prior research indicates that
measures of spatial skill, working memory, and intelligence are all highly correlated
(Marshalek, Lohman, & Snow, 1983). First, performance on the three working memory
measures were combined to create a single composite Working Memory score. Each of
the Running Span (M = 50.54, SD = 15.15), Backwards Digit Span (M = 42.63, SD =
9.40) and Operation Span (M = 39.56, SD = 17.23) scores were converted into
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standardized Z scores and then combined into average Working Memory score. As shown
in Table 2, significant positive correlations were observed between the following: Mental
Rotation performance and Working Memory Composite score (r(48) = .37, p = .01),
Paper Folding performance and Working Memory Composite score (r(48) = .53, p <
.001), ACT score and Working Memory Composite score (r(48) = .31, p < .05), Paper
Folding performance and ACT score (r(48) = .36, p = .01). No significant relationship
was observed between Mental Rotation performance and ACT score (r(48) = .14, p = .32,
ns), but this non-significant correlation maps on to prior work indicating that
rotation-based measures of spatial thinking are less related to general intelligence than
transformation-based measures like Paper Folding (Marshalek et al., 1983). Most
importantly a very strong correlation was observed between Mental Rotation task
performance (M = 14.60, SD = 5.76) and Paper Folding task performance (M = 11.98, SD
= 3.60), r(48) = .77, p < .001.

Table 2
Correlations between Mental Rotation, Paper Folding, Working Memory and ACT score
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Differences in Strategy Use by Spatial Skill Level
To address our second hypothesis, we needed to examine differences in eye
movement behavior during problem solving as a function of spatial skill level. To
reiterate, we predicted that high spatial participants would be more likely to use mental
imagery strategies than low spatial participants. In the current study we used performance
on the Mental Rotation task as the indicator of spatial skill level. To assess strategy use
we examined the number of times participants “toggled” between the answer bank and
the target problem. Because visualization strategies like generating a mental image are
internal processes, we associated less toggling with the use of these kinds of strategies.
On the other hand, analytic strategies like response elimination rely more on using the
provided representations, and thus we associated greater toggling with the use of these
kinds of strategies.
First, there was a significant negative correlation between Paper Folding score
and toggles per second, r(52) = -.34, p < .01 (Figure 1). This negative correlation
suggests that participants who scored higher on the Paper Folding task were toggling less
often indicating great use of a mental visualization strategy. Next, we examined
differences in toggling between high and low spatial individuals. To create high and low
spatial groups, scores on the Mental Rotation task were standardized into Z-scores.
Split-half approach was taken such that participants with Z-scores greater than 0 were
considered high spatial (n = 30) and participants with Z score lower than 0 were
considered low spatial (n = 22). To compare toggling as a function of spatial skill level,
an independent samples t-test was conducted and revealed a significant effect, t(50) =
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2.90, p = .006, d = .81. High spatial participants toggled less (M = .21, SD = .06) than low
spatial participants (M = .26, SD = .06).

Figure 1
Correlation Between Paper Folding Score and Toggles Per Second

Differences in Strategy Use as a Function of Item Type and Spatial Skill Level
Our third hypothesis was that high spatial individuals would switch strategies
depending on item type, whereas low spatial individuals would rely on analytic strategies
regardless of item type. More specifically, in the context of this study we predicted that
high spatial individuals would demonstrate greater toggling between the target problem
and answer options for “typical” problems that can be solved with rule-based or task
decomposition strategies, whereas they would toggle less on “atypical” problems that rely
on generating a mental image for solution. On the other hand, for low spatial participants,
it was predicted that their toggling patterns would not change as a function of item type,
indicating the use of a single strategy on all items. As a reminder, atypical items were
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those that included obstructed, asymmetrical, or irrelevant folds while typical items did
not contain these characteristics.
A 2 (Spatial skill level: High, Low) X 2 (Item type: Typical, Atypical)
repeated-measures ANOVA with toggles per second as the dependent variable was
conducted. This analysis revealed a main effect of spatial skill level such that high spatial
participants toggled less overall than low spatial participants, F(1, 50) = 5.78, p = .02, ηp2
= .10. There was also a main effect for item type indicating that participants toggle more
on typical items than atypical items, F(1, 50) = 16.89, p < .001, ηp2 = .25. Further, there
was a marginal interaction with a medium effect size between these variables, F(1, 50) =
3.43, p = .07, ηp2 = .064 (see Figure 2).

Figure 2
Average Toggles Per Second as a Function of Spatial Skill Level and Item Type
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Although the interaction did not reach significance, to test our a priori hypotheses
regarding toggling differences as a function of spatial skill level and item type, we
conducted two paired samples t-tests comparing typical item and atypical item toggles,
one for participants with low spatial skills and one for participants with high spatial
skills. The first paired samples t-tests indicated there was no difference in toggling rate
across item types for those with low spatial skill levels, t(21) = 1.40, p = .18, ns. However
the t-test for high spatial participants indicated significantly less toggling on atypical
problems than typical problems, t(29) = 4.82, p < .001, d = 1.09. This analysis indicates
that low spatial participants seem to rely on the same type of strategy regardless of item
type, whereas high spatial participants seem to rely more on visualization strategies for
atypical items and more on analytic strategies for typical items.
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DISCUSSION
The goal of the current study was to use eye tracking methodology to examine the
impact of strategy use on performance on the Paper Folding task. Overall, all of our
hypotheses were supported by the data. We observed a high correlation between Mental
Rotation task performance and Paper Folding task performance, a relationship which was
also well documented in other literature (e.g., Hegarty et al., 2008). We also found
support for the hypothesis that better, higher spatial problem solvers would be more
likely to use visualization-based strategies. Hegarty (2010) observed indications that
analytic strategies work to supplement mental imagery strategies on the Paper Folding
task, and our results also demonstrate this because the participants with high spatial skill
toggled less, meaning that they were generating answers to the items via visualization
occurring in their mind, as opposed to relying on the provided answer bank
representations.
We also found support for the hypothesis that high spatial participants would
switch between strategies depending on the type of item they are trying to solve, whereas
low spatial participants would rely on a single strategy. Specifically, for high spatial
participants we observed more toggling on typical items that can be solved using analytic
strategies and less toggling on atypical items that require mental visualization for
successful solution. Low spatial participants on the other hand, showed similar levels
toggling regardless of item type. These results align with previous work from Kyllonen et
al. (1984) in which they observed a difference in strategy choice on the Paper Folding
task between high spatial individuals and low spatial individuals; this research also
observed item difficulty influencing the types of strategies being chosen.
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Because of Kyllonen et al. (1984)’s focus on training they were able to pinpoint
how efficiently strategies could be adopted based on the spatial skill level that an
individual already possessed. This presents an interesting opportunity for future research
examining how spatial strategy training can be used to assist in the development of
strategy implementation for low spatial individuals. In particular, future research should
examine whether low spatial students can be given different strategies to use and then be
able to use them flexibly across different types of tasks and items.
Moving forward, the learning trajectory for novices and experts is not identical,
and it is paramount to consider reasonable goals and achievements that are attainable
(Uttal & Cohen, 2012). Ultimately these thoughts exist in the same vein as Kyllonen et al.
(1984)’s aptitude profiles, wherein some individuals may use specific strategies more
proficiently than others. This concept is also congruent to Hegarty (2010)’s six strategy
perspective. The capacity to identify strategy use more accurately through toggling
should prove to be invaluable when determining spatial skill level and training spatial
skills. Eyetracking data collection methods propelled the current research in a new
direction for observing the differences between individuals with low spatial skills and
high spatial skills in terms of strategy use. It is vital for eyetracking to be recognized and
included in the narrative around spatial thinking skills. Self-report data alone is not
enough to paint the full picture and the current study presents an important step forward
in examining strategy use in a more objective, real-time manner.
The current study included several more variables than were discussed in the
present manuscript. Future work will be conducted to examine this data including
eyetracking data for the Mental Rotation task, the strategies reported by participants
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while thinking aloud, their scores on the spatial activity questionnaire, and their scores on
the self-reported strategy use questionnaire. Future work will examine the relationship
between people’s self-reported strategy use and the strategy use we infer from their eye
tracking and think aloud data. Additionally, Mental Rotation task strategies have not been
explored as deeply as Paper Folding task strategies, and Hegarty (2010) demonstrated
this by showing a larger number of applicable strategies and options for the Mental
Rotation task, but this only scratches the surface. Specifically, it is necessary for future
research to examine Mental Rotation task strategy use.
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Appendix A
Paper Folding Test: Example Atypical Items

Paper Folding Test: Example Typical Items

Mental Rotation Test example items
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